Introduction
============

Ischemic stroke is experienced by 15 million people worldwide each year.[@b1-ndt-11-153] Stroke has a personal, public health, and financial burden, and thus, it is important to achieve the best possible outcomes. Ischemia is associated with central nervous system cell death and proliferation, which play a significant role in functional recovery and outcome.[@b2-ndt-11-153]--[@b4-ndt-11-153] Ischemia-related cell death in animals is associated with the presentation of behaviors believed to model disorders reported by stroke survivors,[@b4-ndt-11-153]--[@b11-ndt-11-153] including hyperactive delirium (increased motor activity with agitated behavior, restlessness, agitation, and hypervigilance, and often hallucinations and delusions),[@b7-ndt-11-153],[@b12-ndt-11-153] anxiety[@b13-ndt-11-153],[@b14-ndt-11-153] and clinical depression,[@b15-ndt-11-153],[@b16-ndt-11-153] all of which negatively influence functional recovery.[@b15-ndt-11-153]

Long-chain omega-3 polyunsaturated fatty acids (n-3-LC-PUFAs) are dietary lipids found in high concentrations in cell membranes, most abundantly in the central nervous system.[@b17-ndt-11-153] At optimal doses, n-3-LC-PUFAs derived from dietary fish oil have been shown to have anti-inflammatory effects.[@b18-ndt-11-153] n-3-LC-PUFAs have been associated with reduced infarct size 3 days after middle cerebral artery (MCA) occlusion (MCAo) in cats, following diet supplementation for 24 days prior to surgery.[@b19-ndt-11-153] Rapeseed oil, rich in omega-3 alpha-linolenic acid (ALA), is associated with reduced lipid peroxidation, infarct size, and mortality, when diet is supplemented 4--6 weeks prior to ischemia.[@b20-ndt-11-153] In rodents, three sequential injections of ALA has also been shown to promote neural plasticity 10 days post-MCAo surgery.[@b21-ndt-11-153] Gavage feeding of n-3-LC-PUFA for 2 weeks prior to ischemic surgery[@b22-ndt-11-153] and for 8 weeks prior to hippocampal injection of scopolamine, reduces oxidative stress and apoptosis.[@b23-ndt-11-153] To our knowledge, the influence of longer-term poststroke n-3-LC-PUFA dietary supplementation on cellular degeneration and proliferation has not been investigated in either animal models or clinical populations. We have previously demonstrated that 6 weeks of dietary supplementation with n-3-LC-PUFA, which best models the method of human consumption, is associated with reduced locomotor hyperactivity and anxiety-like behavior in the rat.[@b24-ndt-11-153] We hypothesize that these behavioral changes result, in part, from the cellular protective effects of n-3-LC-PUFA supplementation, after inflammatory stroke or sham surgery.

In rodent models, MCAo-induced cortical infarction produces secondary cellular damage in the thalamic region of the ipsilesional hemisphere for at least 9 months postsurgery.[@b25-ndt-11-153]--[@b28-ndt-11-153] The contralateral hemisphere is similarly involved in structural remodeling.[@b29-ndt-11-153],[@b30-ndt-11-153] The thalamus is essential for information processes necessary for sensory and motor control.[@b31-ndt-11-153]--[@b35-ndt-11-153] Accordingly, hyperactive delirium after stroke is associated with cellular damage in the thalamus in clinical populations.[@b7-ndt-11-153]--[@b9-ndt-11-153],[@b12-ndt-11-153] In animal models, hyperactive locomotion is associated with cellular damage in the cornu ammonis (CA1) region of the ipsilesional hemisphere.[@b4-ndt-11-153],[@b10-ndt-11-153] Hippocampus cells are considered to be particularly vulnerable to cellular degeneration after cerebral ischemia.[@b36-ndt-11-153],[@b37-ndt-11-153] Additionally, the hippocampus is involved in adult neurogenesis, and ischemia-induced cellular proliferation has been widely demonstrated to occur in the hippocampus.[@b38-ndt-11-153] In the gerbil model, cell proliferation is seen particularly in the hippocampus ipsilateral to the injury for up to 2 months poststroke.[@b39-ndt-11-153] Finally, a decrease in neurogenesis and an increase in neurodegeneration, in the CA1 and dentate gyrus (DG) of the hippocampus, are widely implicated in the etiology of depressive and anxiety-like disorders.[@b5-ndt-11-153],[@b6-ndt-11-153]

Thus, to better understand the behavioral effects of the balance between neurodegenerative and neurogenic processes in the rodent model 6 weeks post-transient ischemia, we immunohistochemically examined tissue prepared from MCAo-operated and sham control animals, some of whom had been fed a n-3-LC-PUFA diet. Using caspase-3 and Ki-67 protein, we aimed to establish whether persistent (6 weeks following surgery) stroke-related cellular proliferation, in general, would correlate with the presentation of depressive/anxiety-like and locomotor behaviors, or be influenced by dietary intervention. Caspase-3 has been widely employed as a marker of cell death after traumatic brain injury[@b40-ndt-11-153] and MCAo.[@b41-ndt-11-153] Caspase activation has been observed in rodent brain tissue from as early as a few hours postsurgery to as late as several weeks poststroke.[@b37-ndt-11-153],[@b41-ndt-11-153]--[@b44-ndt-11-153] The Ki-67 protein is a reliable marker present during all active phases of the cell cycle and is commonly employed to detect cellular proliferation.[@b45-ndt-11-153] Indeed, previous authors have demonstrated increased Ki-67 expression in the dentate subgranular zone as late as 7 weeks post-MCAo in rodent models.[@b38-ndt-11-153]

In the present study, we hypothesized that MCAo surgery compared with sham surgery would be associated with increased caspase-3 and Ki-67. We hypothesized that 6 weeks of dietary supplementation with n-3-LC-PUFA would also influence the expression of caspase-3 and Ki-67, in the thalamus of the ipsilateral and contralateral hemisphere, and the CA1 and DG of the hippocampus of the ipsilateral hemisphere. We finally hypothesized that hyperactive locomotor and anxiety-like behaviors, previously reported in these animals[@b24-ndt-11-153] would be correlated with caspase-3 and Ki-67 expression.

Materials and methods
=====================

Animals and dietary regime
--------------------------

The experimental protocol required 48 animals; however, eleven died immediately following withdrawal of the suture thread during the surgical procedure. A further 16 rats were culled due to stroke-induced symptoms deemed too large for the animal to survive. These animals were replaced, and thus, the total number of animals used in the present study was 75 (Laboratory Animal Services, The University of Adelaide, Adelaide, Australia), with body weight =337 g (standard deviation \[SD\]=36.5 g) and age 12--14 weeks, randomly allocated to receive basal (AIN93G; Specialty Feeds, Glen Forest, Australia) diet or high-n-3-LC-PUFA (eicosapentaenoic acid \[EPA\] 20:5 n3 5% of total free fatty acid \[FFA\], docosahexaenoic acid \[DHA\] 22:6 n3 23.8% of total fatty acids) (SF09-109 5% Fat High N3 Modified Rodent Diet; Specialty Feeds) diet previously demonstrated to reduce oxidative stress in the rat model,[@b46-ndt-11-153] and either sham or MCAo surgery condition; thus there were four experimental groups: n-3-LC-PUFA diet plus MCAo (n=11); basal diet plus MCAo (n=13); n-3-LC-PUFA diet plus sham surgery (n=12); and basal diet plus sham surgery (n=12). Rats were housed with a 12:12 hours light--dark cycle at 21°C±2°C and acclimated to diet and housing the week prior to surgery. Dietary supplementation continued until the sixth week postsurgery, when the animals were sacrificed for tissue collection. Food and water was available ad libitum. Procedures were approved by the Austin Health Research Ethics Unit (approval number A2010/03865) and conducted in accordance with the Australian Code of Practice for the Use of Animals for Scientific Purposes.[@b47-ndt-11-153]

Middle cerebral artery occlusion
--------------------------------

This model has been described previously.[@b24-ndt-11-153] Briefly, rats were anesthetized (isoflurane; Baxter International, Inc., Deerfield, IL, USA) (5% in oxygen, maintained 2% in oxygen) and atropine (intraperitoneal route) (0.2 mL 600 μg/mL; Pfizer, Inc., New York, NY, USA) administered. Blood flow was measured using laser doppler (1 mm caudal and 5 mm lateral to the bregma). Branch arteries and the external carotid artery were ligated, and an incision was made in the right external carotid artery through a surgical incision in the neck. A 0.4 mm silicone-tipped suture was inserted into the internal carotid artery (18 mm from carotid bifurcation). The MCAo occlusion period was 90 minutes. The occluding suture was removed into the external carotid stump for reperfusion. Incisions were closed with silk sutures. Sham-operated animals underwent procedures identical to MCAo animals, excluding thread insertion into the MCA.

Behavioral correlations
-----------------------

We previously tested rats on the battery of behavioral tests described below at 6 weeks poststroke,[@b24-ndt-11-153] and thus, behavioral results are not reported in the present study. In the present study, we report correlations between the previously reported behavioral outcomes with histological and whole-brain protein analysis. The methodologies have been previously described.[@b24-ndt-11-153] Briefly, hyperactive locomotor behaviors were studied using a free-exploration test. "Locomotor hyperactivity" was defined as a high number of emergences from the "hide" box into the open field and the duration of time spent moving in the open field arena. "Anxiety-like behavior" was defined as the percentage of emergence time spent along the outer wall of the open field arena compared with the time spent in the center of the open field. Additionally, novel-object exploration while in a familiar environment was interpreted to indicate approach versus avoidance behavior.

Tissue collection
-----------------

Animals were anaesthetized and transcardially perfused (Peri-Star Pro 4-channel, high rate pump; World Precision Instruments, Inc., Sarasota, FL, USA) with saline (1.8%) and paraformaldehyde (4%). Tissue was postfixed in paraformaldehyde (24 hours) followed by 30% sucrose and then processed using a closed linear tissue processing system (Tissue Processing Center TPC 15 Duo/Trio; MEDITE GmbH, Burgdorf, Germany). Sections were embedded in molten paraffin, sectioned (7 μm, room temperature \[RT\]) using a rotary micro-tome, and attached to silane-coated slides (Mikro-Glass; Grale Scientific Pty Ltd., Ringwood, Australia). For the Western blot analysis, animals were anaesthetized, and brains were collected via decapitation using a guillotine, placed immediately into liquid nitrogen, and stored at −80°C until analysis.

Cellular markers
----------------

We examined the relationship between n-3-LC-PUFA supplementation and the number of caspase-3 (Polyclonal Cleaved Caspase-3 \[Asp175\] Antibody; Genesearch, Arundel, Australia) and Ki-67-like immunoreactivity (Ki-67-ir)-labeled cells (Anti-Ki-67 antibody \[SP6\] -- Monoclonal Proliferation Marker; Sapphire Bioscience, San Diego, CA, USA), as a general marker of cellular proliferation. For the Western blot analysis, cell death expression in whole-brain tissue was defined as the total mean protein expression of caspase-3, normalized to the commonly used glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Sigma-Aldrich Corp, St Louis, MO, USA).[@b48-ndt-11-153],[@b49-ndt-11-153]

Cell counting
-------------

Photomicrographs were taken using an Eclipse 90i upright microscope (Nikon Corporation, Tokyo, Japan) and a Nikon DS-Fi1 digital camera (Nikon) (1,280×960 pixels). A standard stereotaxic rat brain atlas[@b50-ndt-11-153] was used to identify relevant anatomical regions. Ki-67-ir appeared as an orange/brown precipitate localized to the cell nuclei. Caspase-3-like immunoreactivity (caspase-3-ir) appeared as an orange/brown precipitate localized to the cell nuclei as well as dense plaque-like deposits. Cell number was determined using NIS Elements software (Version 3.2; Nikon). Cell counting within photographs was restricted to a predefined area (1,064.7×521.5 μm). Two photographs were taken of the CA1 region and DG of each animal, and an average cell number was derived from these. To allow for assessment of the ipsilesional and contralesional thalamic regions, photographs in each of the hemispheres were taken of the mediodorsal thalamic nucleus, posterior thalamic nuclear group, ventromedial thalamic nucleus, ventral posterolateral thalamic nucleus, and ventral posteromedial thalamic nucleus, as outlined in [Figure 1](#f1-ndt-11-153){ref-type="fig"}, and an average cell number was derived from these. To allow for assessment of the ipsilesional hippocampus, photographs were taken of the CA1 field of the hippocampus and DG. Cell number was determined using a threshold parameter, where only pixels with a given range of color, identified as representing caspase-3-ir and Ki-67-ir cells, were included in the analysis. An area restriction of 40 μm^2^ was set to ensure that dark-stained objects too small to be cell nuclei were not counted in the case of Ki-67-ir cells. In the case of caspase-3, an area restriction was not set, to ensure that the smaller caspase-3-ir pigmentation and plaques were detected. Automated counting was significantly correlated with manual counting (*r*^2^=0.91). Results were analyzed by an observer blind to experimental treatment condition.

Western blot
------------

Frozen tissue was pulverized, lysed (5 minutes, 95°C) in Laemmli buffer (63 mM). Samples were centrifuged, and the proteins in the supernatant were loaded into 4%--20% precast gels (Major Sciences, Saratoga, CA, USA) in sodium dodecyl sulfate (SDS) buffer (Lonza Group, Basel, Switzerland) and subsequently transferred to polyvinylidene difluoride (PVDF) membrane. Membranes were developed with cleaved caspase-3, 1:500 or GAPDH, 1:5,000 (4°C) and detected using enhanced chemiluminescence (ECL) mix (GE Healthcare, Little Chalfont, UK). A given band of intensity was calculated as the sum of the values of the pixels in the image.

Histomorphologic evaluation
---------------------------

Sections were blocked (60 minutes) in hydrogen peroxide (0.3%; Chem-Supply Pty, Ltd., Gillman, Australia) followed by normal horse serum (Invitrogen^®^10%; Life Technologies, Carlsbad, CA, USA). Tissue was then incubated overnight with the primary antibody, (Anti-Ki-67, 1:1,000; or caspase-3, 1:1,000) (4°C) followed by the secondary antibody (Biotinylated Horse Anti-Rabbit IgG Antibody; Abacus ALS, Meadowbrook Australia) (60 minutes RT). Finally sections were incubated with avidin biotin complex solution (ABACUS ALS) (60 minutes RT), and 3-3′diaminobenzidine tetrahydrochloride (1%; Sigma-Aldrich Corp) (20 minutes RT) with addition of H~2~O~2~ (0.01%, 15 minutes RT). Tissue was background-stained using hematoxylin and eosin. Infarct volumes were calculated according to Cavalieri's principle, according to the equation: $$V = \Sigma\ A \times P \times {T,}^{51}$$where V is the total volume, ΣA is the sum of areas measured, P is the inverse of the sampling fraction of the section, and T is the section thickness.

Areas of tissue damage were analyzed using Stereo Investigator^®^ Version 6 software.

Data analysis
-------------

Statistical analysis was performed using SPS Statistics (version 20 for Windows; IBM Corp, Armonk, NY, USA). Outliers were screened using box plots. Sphericity was checked using Mauchly's test of sphericity, and homogeneity of variance was checked using Levine's test of equality of error variance. Normality was assessed using Q--Q plots and histograms. Two-way analysis of variance (ANOVA) (diet condition × surgery condition) was conducted to determine the difference in the number of caspase-3-ir and Ki-67-ir-labeled cells in the granule cell layer of the DG, CA1 region of the hippocampus of the ipsilesional hemisphere, in the thalamic region of the ipsilesional hemisphere, contralesional hemisphere, and whole-brain Western blot protein expression of caspase-3. Post hoc Tukey's tests were used to identify group differences. One-way ANOVA was conducted to determine the difference in number of caspase-3-ir-labeled and Ki-67-ir-labeled cells between the ipsilesional and contralesional hemispheres, within the MCAo surgery condition. Pearson's correlation was conducted to explore correlations between infarct size and the number of caspase-3-ir and Ki-67-ir-labeled cells in the thalamic region of the ipsilesional hemisphere and contralesional hemisphere; and correlations between the number of caspase-3-ir-labeled cells and Ki-67-ir-labeled cells. Spearman correlation tests were conducted to detect correlations between the number of caspase-3-ir and Ki-67-ir-labeled cells in brain regions of interest (ipsilesional CA1 region, ipsilesional DG, and ipsilesional thalamic region) and the behavioral outcomes. The accepted *P*-value for all analysis was 0.05.

Results
=======

Infarct analysis
----------------

In MCAo-operated animals, right hemisphere infarct was seen in cortical and subcortical tissue, as depicted in [Figure 1](#f1-ndt-11-153){ref-type="fig"}. Variability was seen in infarct size. In the thalamic region of the ipsilesional hemisphere, the number of caspase-3-ir cells correlated with infarct size (*r*^2^=0.62, *P*\<0.01) and Ki-67-ir-labeled cells (*r*^2^=0.69, *P*\<0.01). The number of caspase-3-ir and Ki-67-ir-labeled cells in the thalamic region of the ipsilesional hemisphere positively correlated with each other (*r*^2^=0.78, *P*\<0.01). Infarct size did not correlate with the number of caspase-3-ir and Ki-67-ir-labeled cells in the thalamic region of the contralesional hemisphere.

Immunohistochemistry of the hippocampus of the ipsilesional hemisphere
----------------------------------------------------------------------

No effects for surgery or diet condition on caspase-3-ir-labeled cells were seen in the DG or CA1 region of the hippocampus of the ipsilesional hemisphere at 6 weeks after surgery (for CA1 surgery, *F* \[1, 22\]=1.24, *P*=0.28; CA1 diet, *F* \[1, 22\]=0.08, *P*=0.78; DG surgery, *F* \[1, 21\]=3.50, *P*=0.08; and for DG diet, *F* \[1, 21\]=2.12, *P*=0.16). No effects of surgery or diet condition on Ki-67-ir-labeled cells were seen in the DG or CA1 region of the hippocampus of the ipsilesional hemisphere at 6 weeks after surgery (CA1 surgery, *F* \[1, 22\]=2.62, *P*=0.12; CA1 diet, *F* \[1, 22\]=0.37, *P*=0.55; DG surgery, *F* \[1, 21\]=0.38, *P*=0.54; and DG diet *F* \[1, 21\]=0.30, *P*=0.59).

Immunohistochemistry of the thalamic region of the ipsilesional hemisphere
--------------------------------------------------------------------------

MCAo-operated animals showed greater expression of caspase-3-ir-labeled cells than did sham-operated animals (*F* \[1, 14\]=37.92, *P*\<0.01) (MCAo mean \[M\]=2,859, standard error of the mean \[SEM\]=382; sham M=148, SEM=28) ([Figure 2](#f2-ndt-11-153){ref-type="fig"}). Similarly, MCAo-operated animals showed greater expression of Ki-67-ir-labeled cells than did sham-operated animals (*F* \[1, 14\]=17.68, *P*\<0.01) (MCAo M =17.4, SEM =3.7; sham M =1.2, SEM =0.19) ([Figure 3](#f3-ndt-11-153){ref-type="fig"}). No differences were seen between dietary groups. No interaction effects were seen.

Immunohistochemistry of the thalamic region of the contralesional hemisphere
----------------------------------------------------------------------------

ANOVA showed a significant effect of surgery condition on the number of caspase-3-ir-labeled cells (*F* \[1, 22\]=15.46, *P*\<0.01), with MCAo-operated animals showing more caspase-3-ir-labeled cells (caspase-3, MCAo M =254, SEM =31; sham M =86, SEM =28). A significant effect of diet was also found (*F* \[1, 22\]=7.64, *P*\<0.05). Animals supplemented with n-3-LC-PUFA showed fewer caspase- 3-ir-labeled cells (n-3-LC-PUFA, M =107, SEM =17; basal, M =218, SEM =55), as depicted in [Figure 4](#f4-ndt-11-153){ref-type="fig"}. No effect of surgery condition was seen on the number of Ki-67-ir-labeled cells (*F* \[1, 22\]=2.25, *P*=1.51). A significant effect of diet condition was found (*F* \[1, 22\]=9.72, *P*\<0.01). Animals supplemented with n-3-LC-PUFA showed more Ki-67-ir-labeled cells (Ki-67, n-3-LC-PUFA, M =2.6, SEM =0.29; basal, M =1.2, SEM =0.32). No interaction effects were seen, as depicted in [Figure 5](#f5-ndt-11-153){ref-type="fig"}.

Immunohistochemistry of the ipsilesional hemisphere compared with contralesional hemisphere of middle cerebral artery occlusion-operated animals
------------------------------------------------------------------------------------------------------------------------------------------------

MCAo-operated animals showed significantly more caspase-3-ir cells in the thalamic region of the ipsilesional hemisphere compared with the thalamic region of the contralesional hemisphere (*F* \[1, 19\]=45.48, *P*\<0.01) (caspase-3, ipsilesional thalamic region M =2,738, SEM =405; contralesional thalamic region, M =254, SEM =55). [Figure 6](#f6-ndt-11-153){ref-type="fig"} shows that caspase-3-ir is morphologically consistent with the presentation of amyloid precursor protein (APP) and amyloid beta (Aβ) that have been previously observed, from as early as 1 week to as late as 9 months post-MCAo, in the rodent model[@b26-ndt-11-153],[@b28-ndt-11-153],[@b52-ndt-11-153]--[@b55-ndt-11-153] (that is, small, diffuse fragments and large, dense deposits that resemble plaques and that are most likely harmful for functional recovery).[@b26-ndt-11-153],[@b28-ndt-11-153],[@b52-ndt-11-153]--[@b55-ndt-11-153] No differences in the number of caspase-3-ir-labeled cells were seen between dietary groups. Similarly, MCAo-operated animals showed significantly more Ki-67 in the thalamic region of the ipsilesional hemisphere compared with the thalamic region of the contralesional hemisphere (*F* \[1, 18\]=19.77, *P*\<0.01) (Ki-67, ipsilesional thalamic region, M =17, SEM =3.7; contralesional thalamic region, M =1.6, SEM =0.33). No differences were seen between dietary groups.

Whole-brain Western blot expression of caspase-3 does not differ between surgery or diet conditions at 6 weeks postsurgery
--------------------------------------------------------------------------------------------------------------------------

Western blot analysis was performed to confirm the presence of caspase-3 in whole-brain tissue, across all groups of animals. Nonlocalized brain tissue expression of GAPDH did not show a significant difference between surgery (*F* \[1, 23\]=0.18, *P*=0.67) or diet conditions (*F* \[1, 23\]=0.75, *P*=0.40). Nonlocalized brain tissue expression of caspase-3 did not differ between surgery (*F* \[1, 23\]=1.38, *P*=0.25) or diet conditions (*F* \[1, 23\]=0.56, *P*=0.47) (MCAo n-3-LC-PUFA, M =0.83 \[SEM=0.17\]; MCAo basal, M =0.82 \[SEM=0.15\]; sham n-3-LC-PUFA, M =0.75 \[SEM=0.16\]; sham basal, M =0.53 \[SEM=0.16\]).

Correlations between caspase-3 and Ki-67 expression and behavioral outcomes at 6 weeks postsurgery
--------------------------------------------------------------------------------------------------

Spearman correlations showed a positive correlation between the number of caspase-3-ir-labeled cells in the CA1 region of the hippocampus and the total emergence duration in the open field (*rho* =0.44, *P*\<0.05). The number of caspase-3-ir-labeled cells in the thalamic region of the ipsilesional hemisphere positively correlated with the number of times that the rat emerged from the hide box into the open field (*rho* =0.48, *P*\<0.05). The number of Ki-67-ir-labeled cells in the contralesional thalamic region negatively correlated with number of times the rat emerged from the hide box into the open-field arena (*rho* =−0.48, *P*\<0.05). A negative correlation between the number of Ki-67-ir-labeled cells in the contralesional thalamic region and the duration of time spent moving in the open-field arena approached significance (*rho* =−0.42, *P*\>0.05). No correlations were seen between cellular degeneration/proliferation in the DG and behavioral outcomes. No correlations were seen between novel object exploration and cellular degeneration and proliferation, in any brain region.

Discussion
==========

We aimed to investigate the influence of n-3-LC-PUFA dietary supplementation on cell death and proliferation, at 6 weeks post-MCAo, in the male hooded Wistar rat. This study also aimed to study correlations between localized cell death, and the presentation of hyperactive locomotor and anxiety-like behaviors, previously reported in these animals.[@b24-ndt-11-153] MCAo surgery resulted in variable right-hemisphere infarct in cortical and subcortical tissue. MCAo surgery, as compared with sham surgery, was associated with both increased cellular degeneration and proliferation in the thalamic region of the ipsilesional hemisphere, which is consistent with previous research[@b27-ndt-11-153],[@b56-ndt-11-153] and speculated to result from retrograde degeneration of thalamocortical projections.[@b57-ndt-11-153],[@b58-ndt-11-153] Supplementation with anti-inflammatory n-3-LC-PUFA was associated with both increased cellular proliferation and decreased cell death in the contralesional thalamic region of MCAo-operated animals, as compared with basal diet. Previous research indicates that after stroke, the brain can undergo a spatial remapping or neuroplasticity whereby contralesional undamaged brain regions are capable of taking over functions of the affected areas to some extent.[@b59-ndt-11-153]--[@b62-ndt-11-153] Increased cellular proliferation post-MCAo in n-3-LC-PUFA-fed rats may represent a diet-assisted functional remapping.

No significant differences in caspase-3 or Ki-67-ir-labeled cells were seen in the CA1 region and DG of the ipsilesional hemisphere, between surgery and diet conditions. It is likely that the transient ischemia-associated cell degeneration and subsequent proliferation was predominantly completed by 6 weeks postsurgery, when the histoimmunological analysis was conducted. Indeed, earlier research suggests that CA1 neurons can completely repopulate by 1 month postinfarct in rodents.[@b63-ndt-11-153]

Not surprisingly, more localized caspase-3 and Ki67--ir cells were seen in the ipsilesional thalamic region than in the contralesional thalamic region.[@b64-ndt-11-153] The extent of cells potentially programmed to die, as a function of retrograde cell death from the lesion, was negatively correlated to both infarct size and the number of Ki-67-ir-labeled cells. The presentation of caspase-3 seen in the ipsilesional thalamic region is morphologically consistent with the presentation of APP and Aβ, previously observed poststroke in rodent models.[@b55-ndt-11-153] However, dual immunofluorescence labeling of both caspase-3 and APP is required to confirm this circumstantial evidence. The C-terminal cleavage product of APP is colocalized with caspase-3 at a cellular level,[@b41-ndt-11-153] and caspase-3 directly and efficiently cleaves to APP.[@b41-ndt-11-153],[@b65-ndt-11-153],[@b66-ndt-11-153] Previous research demonstrates that one year of dietary supplementation with DHA reduces Aβ deposition in the DG of non-MCAo-subjected mice.[@b67-ndt-11-153] The influence of n-3-LC-PUFA supplementation on Aβ deposition poststroke has not been investigated to date.

Whole-brain biochemical expression of caspase-3 did not differ between surgery or diet conditions. This finding is inconsistent with the more specific immunohistochemistry data presented for the thalamus and hippocampus. Presumably this inconsistency reflects methodological differences, where one is averaging across whole brains as compared to specific immunohistochemical responses of the specific regions studied. It is likely that localized differences in the number of caspase-3 and Ki-67-ir-labeled cells between dietary and surgery conditions, were not large enough to result in significant differences in whole-brain tissue. Thus, in future research, it may be more valuable to study localized brain regions. Alternately, the lack of differences in whole-brain caspase-3 expression between groups may reflect limitations in the commonly used GAPDH housekeeping genes. Even the most widely used Western blot housekeeping genes are involved in multiple cell functions, and the expression levels of these are affected by many metabolic factors.[@b68-ndt-11-153] The validity of the commonly used housekeeping genes as internal standards for measuring gene expression has been called into question.[@b68-ndt-11-153] Indeed, GAPDH has been shown to overexpress and accumulate in the nucleus during cell death.[@b69-ndt-11-153],[@b70-ndt-11-153] In the present research, it is possible that the expression levels of GAPDH may have been confounded by earlier oxidative stress, resulting from ischemic insult, which may have obscured the experimental results.

We have previously reported that MCAo surgery is associated with more frequent emergence from a hide box into an open-field arena and more time moving around an open field compared with sham-operated rats, suggestive of stroke-related hyperactive locomotion. MCAo-operated animals spend less time interacting with a novel object, interpreted to reflect anxiety-like avoidance behavior. Animals supplemented with n-3-LC-PUFA spent less time moving around in the open-field arena than did the basal-fed rats but a higher percentage of emergence time in the center anxiety-provoking area of the open-field arena. Additionally, n-3-LC-PUFA-fed animals spent more time exploring a novel object than did basal diet fed animals, interpreted to reflect more approach and less anxiety-related avoidance behavior.[@b24-ndt-11-153] In the present study, we found that caspase-3 expression in the CA1 region of the hippocampus correlated with time spent moving around in the open field 6 weeks postsurgery. This finding is consistent with previous research demonstrating that ischemia-induced damage to CA1 cells results in increased locomotion, in the gerbil, at 2 days following surgery.[@b10-ndt-11-153],[@b71-ndt-11-153] In the present study, the number of caspase-3-ir-labeled cells in the thalamic region of the ipsilesional hemisphere positively correlated with the number of times that the rat emerged from the hide box into the open field. Additionally, the number of Ki-67-ir-labeled cells in the contralesional thalamic region negatively correlated with number of times the rat emerged from the hide box into the open-field arena. These results may suggest that locomotor hyperactivity post-MCAo is associated with both hippocampus and thalamus damage. Indeed, the thalamus is essential for relay and modulation of sensory information, and processing of information necessary for sensorimotor control.[@b31-ndt-11-153]--[@b35-ndt-11-153] Thalamic damage is known to be associated with poststroke hyperactive delirium in clinical populations.[@b7-ndt-11-153]

The behavioral assessment of the animals at 6 weeks postsurgery, a major advantage of the study, is also a major limitation as it ensured that we were unable to directly assess early cellular degeneration or the time of initiation of cellular genesis. Given that we were studying a range of behavioral outcomes in the days and weeks following surgery, administration of the commonly used proliferation marker 5-bromo-2-deoxyuridine (BrdU) was not a feasible alternative as this procedure requires multiple injections and is invasive[@b72-ndt-11-153] and hence, likely to further distress the animal and influence the behavioral outcomes of primary interest. Furthermore, given the reduced water consumption observed in the days following surgery, administration of BrdU via animal drinking water was not a reliable option.[@b73-ndt-11-153] Thus, we chose to use the Ki-67 protein marker, present during all active phases of the cell cycle.[@b45-ndt-11-153] We aimed to first establish whether persistent stroke-related cellular proliferation, in general, is correlated with the presentation of depressive/anxiety-like and locomotor behaviors, or influenced by dietary intervention. In future research, it will be valuable to identify the type of proliferating cells, using double labelling for Ki-67 with markers for specific cell type, for example astrocytes (eg, GFAP)[@b74-ndt-11-153] and microglia (eg, CD68).[@b75-ndt-11-153]

Previous rodent models indicate that the young and aged brain respond differently to ischemic stroke. All animals show increased cellular proliferation following brain injury;[@b27-ndt-11-153],[@b56-ndt-11-153],[@b76-ndt-11-153] however, aged animals show accelerated apoptosis, earlier activation of astrocytes and macrophages, and the formation of scar tissue, which appears to impair neuronal repair and recovery.[@b56-ndt-11-153],[@b76-ndt-11-153] Accordingly, aged animals show greater stroke impairment, infarct, and very high mortality rates,[@b56-ndt-11-153],[@b77-ndt-11-153] which was impractical for the study of behavioral outcomes in the present research. Thus, it is unknown whether n-3-LC-PUFA dietary supplementation influences cellular degeneration and proliferation in the aged brain.

This study is the first to demonstrate that n-3-LC-PUFA dietary supplementation influences MCAo-associated cell proliferation and degeneration in the thalamic region of the contralesional, but not in the ipsilesional hemisphere, when compared with rats fed a basal diet, prior to and for 6 weeks after surgery. Additionally, this study demonstrated that cellular degeneration and proliferation at 6 weeks postsurgery is correlated with hyperactive locomotor and anxiety-like behaviors, and is argued to reflect the locomotor and anxiety-like behaviors seen in stroke-surviving clinical populations.[@b4-ndt-11-153]--[@b11-ndt-11-153] It must also be noted that we have also previously identified that n-3-LC-PUFA supplementation is associated with an increased risk of hemorrhagic bleeding during reperfusion, in MCAo-operated rats.[@b24-ndt-11-153] Therefore, the potential beneficial effects of n-3-LC-PUFA supplementation in populations that are at risk of hemorrhagic bleeding should be interpreted with caution. Indeed further research is required to identify any safety risks of n-3-LC-PUFA supplementation.
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![Line drawing showing infarct area and brain regions selected for analysis of caspase-3-like and Ki-67-like immunoreactivity, 6 weeks after middle cerebral artery occlusion.\
**Notes:** Shaded areas show the extent of infarct. A = area of atrophy in animals with smaller infarcts; B = area of atrophy additional to area A, in animals with medium infarcts; C = area of atrophy additional to areas A and B, in animals with large infarcts. Basal = basal diet--fed rats.\
**Abbreviations:** CA1, cornu ammonis area of the hippocampus; DG, dentate gyrus; MDM, mediodorsal thalamic nucleus; Po, posterior thalamic nuclear group; VM, ventromedial thalamic nucleus; VPL, ventral posterolateral thalamic nucleus; VPM, ventral posteromedial thalamic nucleus.](ndt-11-153Fig1){#f1-ndt-11-153}

![Mean number (± SEM) and immunoreactive staining of caspase-3-ir cells between surgery and diet conditions in ipsilesional thalamic region at 6 weeks postsurgery.\
**Notes:** Sham = Sham surgery condition; Basal = Basal diet--fed rats; PUFA = polyunsaturated fatty acid supplemented rats. (**A**) Ipsilesional thalamic region of a n-3-LC-PUFA diet and MCAo surgery-affected rat. (**B**) Ipsilesional thalamic region of a basal diet and MCAo surgery-affected rat. (**C**) Ipsilesional thalamic region of a n-3-LC-PUFA diet and sham surgery-affected rat. (**D**) Ipsilesional thalamic region of a basal diet and sham surgery-affected rat. A 10× magnification rostral section; scale bar 100 μm. Right-hand corner inset: 40× magnification; scale bar 25 μm. Bregma −3.60 mm. n=6 per experimental group. \*\**P*-value significant at 0.01.\
**Abbreviations:** caspase-3-ir, caspase-3-like immunoreactivity; MCAo, middle cerebral artery occlusion; n-3-LC-PUFA, long-chain omega-3 polyunsaturated fatty acid; SEM, standard error of the mean.](ndt-11-153Fig2){#f2-ndt-11-153}

![Mean number (± SEM) and immunoreactive staining of Ki-67-ir cells between surgery and diet conditions in ipsilesional thalamic region at 6 weeks postsurgery.\
**Notes:** Sham = sham surgery condition; Basal = basal diet--fed rats; PUFA = polyunsaturated fatty acid supplemented rats. (**A**) Ipsilesional thalamic region of a n-3-LC-PUFA diet and MCAo surgery-affected rat. (**B**) Ipsilesional thalamic region of a basal diet and MCAo surgery-affected rat. (**C**) Ipsilesional thalamic region of a n-3-LC-PUFA diet and sham surgery-affected rat. (**D**) Ipsilesional thalamic region of a basal diet and sham surgery-affected rat. A 10× magnification rostral section; scale bar 100 μm. Right-hand corner inset: 40× magnification; scale bar 25 μm. Bregma −3.60 mm. n=6 per experimental group. \*\**P*-value significant at 0.01.\
**Abbreviations:** Ki-67-ir, Ki-67-like immunoreactivity; MCAo, middle cerebral artery occlusion; n-3-LC-PUFA, long-chain omega-3 polyunsaturated fatty acid; SEM, standard error of the mean.](ndt-11-153Fig3){#f3-ndt-11-153}

![Mean number (± SEM) and immunoreactive staining of caspase-3-ir cells between surgery and diet conditions in contralesional thalamic region at 6 weeks post-surgery.\
**Notes:** Sham = sham surgery condition; Basal = basal diet--fed rats; PUFA = polyunsaturated fatty acid supplemented rats. (**A**) Contralesional thalamic region of a n-3-LC-PUFA diet and MCAo surgery-affected rat. (**B**) Contralesional thalamic region of a basal diet and MCAo surgery-affected rat. (**C**) Contralesional thalamic region of a n-3-LC-PUFA diet and sham surgery-affected rat. (**D**) Contralesional thalamic region of a basal diet and sham surgery-affected rat. A 10× magnification rostral section; scale bar 100 μm. Right-hand corner inset: 40× magnification; scale bar 25 μm. Bregma −3.60 mm. n=6 per experimental group. \*\**P*-value significant at 0.01.\
**Abbreviations:** caspase-3-ir, caspase-3-like immunoreactivity; MCAo, middle cerebral artery occlusion; n-3-LC-PUFA, long-chain omega-3 polyunsaturated fatty acid; SEM, standard error of the mean.](ndt-11-153Fig4){#f4-ndt-11-153}

![Mean number (± SEM) and immunoreactive staining of Ki-67-ir cells between surgery and diet conditions in contralesional thalamic region at 6 weeks postsurgery.\
**Notes:** Sham = sham surgery condition; Basal = basal diet--fed rats; PUFA = polyunsaturated fatty acid supplemented rats. (**A**) Contralesional thalamic region of a n-3-LC-PUFA diet and MCAo surgery-affected rat. (**B**) Contralesional thalamic region of a basal diet and MCAo surgery-affected rat. (**C**) Contralesional thalamic region of a n-3-LC-PUFA diet and sham surgery-affected rat. (**D**) Contralesional thalamic region of a basal diet and sham surgery-affected rat. A 10× magnification rostral section; scale bar 100 μm. Right-hand corner inset: 40× magnification; scale bar 25 μm. Bregma −3.60 mm. n=6 per experimental group. \*\**P*-value significant at 0.01.\
**Abbreviations:** Ki-67-ir, Ki-67-like immunoreactivity; MCAo, middle cerebral artery occlusion; n-3-LC-PUFA, long-chain omega-3 polyunsaturated fatty acid; SEM, standard error of the mean.](ndt-11-153Fig5){#f5-ndt-11-153}

![Caspase-3 (**A**) and Ki-67 (**B**) immunoreactive staining in bregma −3.60 mm rostral section of the contralesional and ipsilesional thalamic region of a middle cerebral artery occlusion--operated rat, 6 weeks after surgery.\
**Notes:** (**A** and **D**) At 2× magnification; scale bar 500 μm. (Lower **B** and **E**) A 10× magnification of the corresponding rostral section of (**A**) and (**D**), respectively, showing the contralesional thalamic region; scale bar 100 μm. Right-hand corner inset: 40× magnification of the indicated portion; scale bar 25 μm. (Lower **C** and **F**) A 10× magnification photograph of (**A**) and (**D**), respectively, showing the ipsilesional thalamic region; scale bar 100 μm. Right-hand corner inset: 40× magnification of the indicated portion; scale bar 25 μm. Pictures show bregma −3.60 mm. n=6 per experimental group.](ndt-11-153Fig6){#f6-ndt-11-153}
